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ABSTRACT
Above redshift z ∼ 1.4, we known little or nothing about the stellar ages of red galaxies in clusters, yet at these high redshifts
important changes are predicted by current renditions of galaxy formation models embedded in the standard hierarchical paradigm
of structure formation. Red-sequence galaxies in the cluster JKCS 041 at z = 2.2 show a tight distribution in colour that indicates a
star formation history that is highly synchronized across galaxies. Specifically, we measure a spread in stellar age of 160 ± 30 Myr, in
marked disagreement with the current understanding of how massive red galaxies form in clusters, i.e. if they are produced somewhat
stochastically in merging episodes that sometimes involve gas, hence star formation. The existence of a tight distribution in colour
when the universe was at one quarter of its current age implies that mechanisms that have not yet been implemented in current galaxy
formation scenarios long ago began to shape the star formation history of red cluster galaxies.
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1. Introduction
In ΛCDM cosmology there may be multiple epochs of galaxy
formation depending on the phenomenon one concentrates on.
Indeed, we expect that galaxies may be younger than their stars,
because the mass is assembled hierarchically via the progres-
sive merger of lower luminosity objects. The two epochs of
star formation and mass assembly then may yield constraints
on the mechanisms of galaxy formation and evolution. Clusters
of galaxies are particularly important in this context, because
they provide volume-limited samples of galaxies observed at the
same cosmic epoch and in an environment corresponding to the
highest density peaks in the dark matter distribution at each red-
shift. It is therefore possible to simultaneously constrain the star
formation history (via galaxy colours) and mass assembly his-
tory (via the luminosity function) and probe galaxy formation
to high redshift, with relatively simple and inexpensive observa-
tional campaigns rather than the extensive spectroscopic surveys
needed for field galaxies.
Current data show that the colour-magnitude relation of
bright galaxies in clusters to z = 1.4 is very tight and that it
evolves passively, thereby implying that their stellar populations
must have formed rapidly and at high redshift (e.g. Stanford et al.
1998; Kodama et al. 1998, Papovich et al. 2010 and references
therein). Recently, Andreon et al. (2009) detected what seems
to be the most distant cluster of galaxies to date (JKCS 041 at
zphot = 2.2) by looking at over densities in red galaxies. In the
Chandra follow-up, the cluster is detected as an extended X-ray
source with T ∼ 7.4 keV (Andreon et al. 2009; Andreon et al.
2011), which confirms that there is a hot intracluster medium,
present in formed clusters and lacking in protoclusters. Deep
near-infrared observations show that the cluster has a prominent
red sequence (Andreon & Huertas-Company 2011a,b), locating
the cluster at zphot = 2.20 ± 0.11.
Throughout this paper, we assume the following cosmolog-
ical parameters: H0 = 71 km s−1 Mpc−1, Ωm = 0.27, and
ΩΛ = 0.73. Magnitudes are in the AB system.
2. Data
JKCS 041 is in the area covered by CFHTLS deep survey and
by WIRDS follow-up in the infrared filters (J, Ks) (catalogues
are available on the Terapix site, see also Andreon & Huertas-
Company 2011a,b). More precisely, we used the catalogue gen-
erated using Ks-band as detection image and the other bands
(z′, J and H) in analysis mode. Images have been spatially re-
sampled and filtered during the combining phase, which is why
the photometric errors computed by Source Extractor (Bertin &
Arnouts 1996) are underestimated. We assumed an error correc-
tion factor of 1.5 for optical images, in agreement with Ilbert et
al. (2006) using the very same optical images, and a factor 2.5
for the more finely resampled NIR images, in agreement with
the analysis of Raichoor & Andreon (in preparation) of the very
same images.
In this paper, we only consider objects brighter than Ks =
23.0 mag. The claimed 50 % completeness for point sources
is 1.9 mag deeper (Bielby et al. 2010). Figure 1 shows
the colour-magnitude relation for galaxies within an ellipse
of parameters (ra, dec, a, b, PA) = (36.687745,−4.6940845,
85.6”, 55.8”, 330), chosen to maximise the contrast between
cluster and background galaxies. In this figure only, blue (z′−J <
1.75 mag) galaxies in the SSW octant has been flagged, because
this blue part of the diagram is contaminated by a nearby struc-
ture (see Andreon & Huertas-Company 2011a for details). The
cluster red sequence clearly stands out. In order to measure the
colour spread, and from it the age spread, the colour range to
select red galaxies should be large, to avoid very similar colours
for the selected galaxies, and as a consequence spuriously syn-
chronized star formation histories, because of the too stringent
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Fig. 1. colour-magnitude plot of galaxies in the JKCS 041 direc-
tion. Red sequence (z′ − J > 1.75 mag) galaxies are plotted with
solid (blue) points. Error bars are marked for these galaxies only,
to avoid crowding.
adopted colour cut (see Andreon et al. 2008 for a discussion). We
therefore define as red galaxies those with z′− J > 1.75 mag and
these galaxies are plotted in Fig. 1 as solid points. Bluer galax-
ies are manifestly too blue to be red sequence galaxies in z′ − J
(they are > 0.22 away from the red sequence, i.e. > 2.9 times
the red sequence thickness, see also Fig. 2 and sec 4). There are
23 galaxies satisfying the constraint above, of which 3.6 are ex-
pected to be background galaxies, based on the counts measured
in a region of 0.7 deg2 all around the cluster. The z′−J colour has
been adopted because it offers the best way of selecting red clus-
ter galaxies than any other pair of filters with larger wavelength
baseline.
Fig. 2 shows the colour distribution of the galaxies in the
JKCS 041 direction (points with heuristic error bars), and in the
background direction, the latter computed from a 0.7 deg2 all
around the cluster and normalized to the considered cluster solid
angle (bottom solid line). In the left panel, all galaxies in the
JKCS 041 line of sight are displayed, whereas the z′ − J > 1.75
mag selection is applied in the next two panels. These show an
isolated peak in the colour distribution, of about 0.18 mag width
in z′ − H and J − Ks. The colour distribution of the background
galaxies (see bottom solid line) is, as expected, broader and neg-
ligible.
3. Analysis
The spread across galaxies in star formation history can be in-
ferred from the width of the above colour distributions. The ex-
pected spread for a population with an age spread of 50 (250)
Myr is plotted in the right (central) panel (dashed blue lines),
and the age spread for cluster galaxies should be somewhere in
between.
To constrain the star formation history of red galaxies via
their colour homogeneity, we were inspired by Bower, Lucey &
Ellis (1992) and following work, e.g. by Andreon (2003), and
Andreon et al. (2009). a) We assumed that the ith galaxy forms
stars at the time ti, i.e. can be modelled by a single stellar popula-
tion (SSP, but see later for other choices of star formation histo-
ries). b) These individual formation times are spread around the
mean star formation age t with a spread σ (i.e. ti ∼ N(t, σ2)).
c) With a stellar population synthesis model, we inferred the
Fig. 2. colour distribution of galaxies in the JKCS 041 direction
(points) and in a control region all around the cluster, normal-
ized to the cluster solid angle (lower, black, curve). The (blue)
curve with shaded 68 % (highest posterior credible) intervals is
a Gaussian fit to the data. Approximated (i.e. √n) error bars are
shown for display purpose only. The dashed blue Gaussian lines
show the colour spread expected for a 250 Myr (central panel)
or 50 Myr (right panel) age spread.
colour of each modelled stellar population. d) By a Markov
Chain Monte Carlo we updated the parameters t and σ until
the model colour distribution matched the observed colour dis-
tribution. In this step, we account for the heteroscedastic errors,
which broaden the colour distribution by an amount that depends
on each galaxy. We assumed a uniform prior for t, zeroed at
t − σ < 0 Gyr (i.e. galaxies form before observing them) and
above t − σ > 2.54 Gyr (about z ∼ 8, only about 0.5 Gyr away
from the Big Bang). We assume an uniform prior for the spread
σ, zeroed at σ < 0 because the spread is a positively defined
quantity. In our reference analysis, we used the 2007 version of
Bruzual & Charlot (2003) SSP of solar metallicity and Chabrier
initial mass function.
As mentioned several times in the literature, the colour evo-
lution is highly sensitive to systematic uncertainties in the stellar
population synthesis model (Worthey 1994), and so it is prefer-
able to rely only on differential measurements, i.e. on the colour
scatter. We therefore allow stellar population synthesis models
to have an unknown zero-point (colour) error as large as ±0.4
mag by adding a parameter to the model colour with uniform
prior zeroed outside ±0.4 mag.
Given the good quality of the data, the posterior is indepen-
dent of the prior (i.e., results are robust against the prior choice).
4. Results
By using J − Ks (rest-frame U − R) alone, we find a spread of
stellar ages of 190 ± 40 Myr. A similar result, 130 ± 50 Myr,
is found using z′ − H alone (rest-frame UV − V). Using both
colours at once, we find a spread of 160±30 Myr. The constraint
basically comes from the fact that higher/lower values imply too
broad/narrow distributions in colour, independently of the value
of the average star formation age t. The (posterior) distribution
probability of the spread σ in star formation age is shown in Fig.
3.
We succeeded at measuring a small scatter in stellar ages
because the colour change per Gyr is much higher for younger
populations (i.e. at high redshift) than for older ones (i.e. at
low redshift). For example, at low redshift, a 0.02 mag colour
scatter translates into a 400-700 Myr scatter, depending on the
adopted plausible age of the stellar population. By going to a
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Fig. 3. Posterior probability distribution of the spread σ of the
stellar age of red JKCS 041 galaxies in Gyr. The shading high-
lights the 95 % (highest posterior) interval and the red curve is
the Gaussian approximation.
high redshift (younger ages), colours change faster, by 0.1 mag
per 100 Myr, therefore the same 0.02 mag colour scatter corre-
sponds, roughly, to a 20 Myr spread in the star formation age.
Furthermore, there is little room for choosing the stellar age, be-
cause it is tight bounded by the Big Bang.
To measure the robustness of our result on assumptions, we
removed one of them at the time. First, we replaced the SSP
model with a model with an exponential decreasing star forma-
tion, with τ = 0.1 Gyr. We found a spread of 150 ± 20 Myr, less
than half a sigma different than adopting SSP’s. We had little
freedom in choosing much larger τ models, because those with
τ > 0.5 have colours that are so blue that they do not match the
observed colours, even when allowing for an (implausibly large)
model systematic error of 0.4 mag. Adopting a τ = 0.3 Gyr,
we got a spread of 230 ± 50 Myr, but with tension between the
adopted model and the data, because the model is still not red
enough to match the data, even when allowing for the 0.4 mag
error.
If we use SSP models from Maraston et al. (2005), which use
the fuel consumption theorem instead of the isochrones used in
Bruzual & Charlot (2003), we find an identical result: 160 ± 40
Myr. If we use a different combination of colour indexes (z′ − J,
J − H, J − Ks), we find 170 ± 25 Myr, where the error only
approximatively accounts for the dependent nature of the three
considered colour indexes, again in full agreement with the ref-
erence analysis. If we adopt a value of 2.0 for the correction
factor for errors in all bands, we find a spread of 180 ± 30 Myr,
in full agreement with the reference analysis. If the cluster red-
shift were z = 2.0, i.e. two sigmas below the measured value of
z = 2.20 ± 0.11, then the age spread would be 160 ± 25 Myr,
in full agreement with the reference analysis. If we adopt SSP
models with twice higher metallicity, then the age-colour rela-
tion steepens a bit, and, as a consequence, a narrower spread in
ages is needed to reproduce the same observed colour spread.
In fact, we find 120 ± 25 Myr, still in line with our reference
analysis, since it is only 1.0 combined sigmas away from it.
Our analysis goes from parameters (e.g. age spread) to the
data (measured colour spread) in a single step. It may, however,
be interesting to take the inverse approach, by inferring the in-
trinsic scatter of the colour distribution and from it the age scat-
ter. We ignore the background contribution (see Andreon et al.
2008 if one chooses not to ignore it), and we fit the colour and
its dispersion accounting for errors with uniform prior on pa-
rameters (zeroed for negative, unphysical, dispersions). We find
a colour dispersion (red sequence tickness) of 0.18 ± 0.04 mag
for z′ − H and J − Ks, and 0.08 ± 0.02 mag in z′ − J. The fits
are depicted in Fig. 2. This colour scatter may be inverted, as in
Bower, Lucey & Ellis (1992) and many works since them, into a
∼ 180 Myr age spread. This agrees with our derivation, although
we prefer the forward (adopted) approach, instead of inverting
the data.
If anything, the measured value is a slightly overestimation
of the true age spread, because we have neglected the possibil-
ity of a scatter in metallicity or dust content, secondary possibly
stochastic minor episodes of star formation superposed on an
essentially single stellar population, as well as the (minor) effect
of background galaxies among red galaxies and the negligible
effect of the colour–magnitude slope. All these terms tend to in-
crease the expected observational scatter at a given age scatter
σ, unless there is a tuned covariance between them to keep the
observed colour scatter small.
5. Conclusions
We found an age spread of 160 ± 30 Myr, independently of the
assumptions used to infer ages from a colour scatter, namely the
absolute colour of the stellar populations, the synthesis popula-
tion code used, the way the star formation history of each galaxy
is modelled, the adopted metallicity, the choice of the colour in-
dex, and the precise redshift of the cluster and the approach (for-
ward or inverse) used in analysing the data. We succeeded at
measuring such a small scatter in stellar ages because the colour
change per Gyr is much higher for younger populations (i.e. at
high redshift) than for older ones (i.e. at low redshift), and be-
cause the range of possible ages is much reduced at high redshift,
as we are approaching the Big Bang.
The extreme synchronicity of red galaxies in JKCS 041 is in
marked disagreement with the idea that galaxies in clusters form
by a hierarchical assembly of smaller units, unless this occurs
a) over such a short time that it is essentially equivalent to an
(un-physical) monolithic assembly, or b) by gas-free merging.
In fact, a hierarchical assembly has some stochastic variations
in the merging histories, which induce differences in colours be-
cause some merging events involve gas. It is worth noticing that
the Menci et al. (2008) rendition of the hierarchical paradigm
predicts the disappearance of the red sequence in clusters at red-
shift around 1.5 to 2.0.
In the z = 2.2 JKCS 041 cluster, the red sequence is al-
ready populated by a homogenous population of galaxies with
extremely synchronised stellar ages, which implies that mecha-
nisms not yet implemented in current galaxy formation scenarios
long ago began to shape the star formation histories of red cluster
galaxies.
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